[1] GRACE data indicate large seasonal variations in gravity that are assumed to be related to climate-driven fluxes of surface water. Seasonal redistribution of surface mass should deform the Earth, and our calculations using GRACE data suggest vertical deformations of $13 mm in the region of greatest flux, the Amazon River Basin. To test the GRACE gravity-hydrology connection, we analyzed GPS data acquired from sites in this region. After accounting for degree 1 variations not observable with GRACE, we find that annual deformation measured with GPS correlates highly with predictions calculated from GRACE measurements. These results confirm the variations in surface water sensed by GRACE, which are significantly larger than those predicted by some hydrology models. The results also demonstrate that GRACE can be an important tool for monitoring deformation of the Earth, and suggest that combined analysis of GRACE and GPS may be a useful approach for estimation of geocenter variations.
Introduction
[2] The GRACE (Gravity Recover and Climate Experiment) tandem satellite mission, launched in March 2002, is providing a unique opportunity for studying the Earth's global gravity variations on timescales of months to years. At seasonal timescales, the most significant mass motions are associated with climate-driven transport of water on the surface of the Earth [Tapley et al., 2004] . Indeed, one of the main science goals of GRACE is to investigate this process, which is fundamental to understanding the exchange of water within the system that consists of the oceans, the atmosphere, the cryosphere (glaciers and large ice complexes), and the solid Earth. This last component is particularly complicated, since the continents store and remove water (through runoff and evapotranspiration) in complex ways that vary significantly both in space and time.
[3] The redistribution of water on the surface of the Earth will act as a change in load, or weight, on the crust of the Earth. The crust, supported by the underlying mantle, will respond by deforming elastically on annual timescales. Van Dam et al. [2001] , for example, used models for water storage to calculate time series of radial deformation at five Global Positioning System (GPS) sites, and found correlation coefficients between monthly averages of (atmosphericand ocean-loading corrected) GPS determinations of 0.3-0.9 for a $3-year timespan. The crust will also respond to highly localized water-load variations. Elósegui et al.
[2003] investigated three-dimensional variations of position for several sites near the Great Salt Lake. The predicted vertical crustal loading signals of ±1 mm on ''decadal'' time scales agreed well with GPS time series. The predicted seasonal vertical crustal loading signals of ±0.5 mm, however, were smaller than those in the GPS time series, suggesting the existence of additional contributions.
[4] To the extent, therefore, that gravity variations measured by GRACE are associated with the hydrological cycle, we should be able to use GRACE data to infer the elastic deformation associated with this changing load. Here we test this idea by comparing GRACE-inferred deformation of the Amazon Basin to GPS observations obtained in the region. Below, we describe the analysis of both data sets and our approach to the determination and comparison of annual vertical variations.
Analysis of GRACE Data
[5] A GRACE Level-2 data set [Bettadpur, 2003] consists of Stokes coefficients (and their uncertainties) representing an expansion in spherical harmonics of the Earth's gravity potential. Each data set results from the reduction of approximately one month of GRACE observations consisting primarily of the range between the co-orbiting satellites. Corrections are applied for oceanic and atmospheric mass motions on timescales shorter than one month [Flechtner, 2003] .
[6] The data used in this study consist of 19 such Level-2 data sets acquired between April 2002 and April 2004, for a total timespan of $2 years. Whereas most of the data sets contain coefficients up to degree ' = 120, several use a maximum degree of 70, which we therefore adopt as a cutoff for our analysis. We estimated seasonal variability for each Stokes coefficient by modeling the temporal variability as an in-phase (i.e., cosine) and out-of-phase (sine) sinusoidal signal with a period of one year, with the zero phase value at epoch 2003 January 1. We used least-squares to estimate six parameters for each degree and order: an average value and the in-phase and out-of-phase amplitudes for both the cosine and sine Stokes coefficients.
[7] There is no a priori reason to expect that each coefficient will yield a statistically significant seasonal amplitude relative to its observational errors, and we must therefore determine some way of filtering the data. The filtering technique in general use involves smoothing (in the degree domain) the gravity variations with a Gaussian filter of a given width [Wahr et al., 1998 ]. This approach assumes that signal-to-noise falls off with increasing degree. On the other hand, we have found that most low-degree coefficients exhibit little evidence of a coherent annual variation. Therefore, for each degree and order, in-phase and out-ofphase, we applied an F-test [Lunneborg, 1994] to determine whether fitting for an annual variation yielded a significant decrease in the scatter of the coefficient time series. Only 72 degree/order pairs passed this test at the 99.95% level of significance, and none passed for 10 < ' 70. For selfconsistency, we used both C and S coefficients (i.e., the cosine and sine Stokes coefficients) for any degree and order for which either passed the significance test.
[8] We assume that the changes in observed gravity are the result of redistribution of surface mass associated with water storage. The Earth will deform elastically under the gravitational load of this surface mass. The annual amplitudes of these radial displacement at latitude l and longitude f can be shown to be
where a is the radius of the Earth, the P 'm are associated Legendre polynomials, and the summation is performed only over those degrees and orders that passed the significance test described above. The annual amplitudes for the C and S Stokes coefficients are C 'm a and S 'm a (respectively), where the superscript a refers either to the in-phase or out-ofphase annual amplitudes. The factor h '
and h ' E are the elastic gravity and vertical load Love numbers (respectively) for degree ', accounts for both the direct attraction of the variable surface mass as well as the surface adjustment due to loading. Here and below we used elastic Love numbers [Farrell, 1972] calculated using PREM [Dziewonski and Anderson, 1981] assuming a spherically symmetric (layered) Earth. Because the center of mass of the Earth system is invariant, the gravity field inferred from GRACE has no ' = 1 component, and the (nonzero) ' = 1 contribution of deformation cannot be calculated from the GRACE gravity coefficients. The reconstructed deformation amplitude in (1) therefore differs from the ''true'' deformation by an unknown ' = 1 contribution.
[9] The calculated global radial displacement amplitudes based on the observed gravity amplitudes are shown in Figure 1 . The signature of the Amazon Basin is distinct and large, as might be expected from the gravity and surface mass signals [Wahr et al., 2004; Tapley et al., 2004] . More detailed maps of the predicted deformation amplitudes for South America are shown in Figure 2 . Over all of the South American continent the predicted deformation is quite spatially variable. Also shown in Figure 2 are the GPS sites that provide the data for the analysis of the next section. We interpolate the global in-phase and out-of-phase deformationamplitude fields to calculate the amplitudes at the positions of the GPS sites. The errors in these interpolated fields, based on the fit of the coefficient time series to our seasonal model and propagated to (1), have a standard deviation of $0.2 mm. The smallness of this value reflects, to a great extent, the limiting of the summation to a small subset of the total set of gravity coefficients, and does not reflect the potentially large influence of aliasing and truncation, which is difficult for us to assess. We will therefore ignore the issue of the GRACE uncertainties for this comparison.
Analysis of GPS Data
[10] Twelve continuous GPS receivers operate in this region (Figure 2) . We analyzed GPS dual-frequency phase data from these sites using the analysis program GIPSY version 2.6 in a ''point-positioning'' mode [Zumberge et al., 1997] with fiducial-free orbits, and no transformation (e.g., via ''X-files'') to any other terrestrial reference frame (see below). In this mode of analysis, the values of parameters describing the orbital motion and clock variations of the GPS satellites were fixed to values obtained from a solution involving a global set of GPS sites performed by the Jet Propulsion Lab [Heflin et al., 1992] . For each 24-hr data set, we estimate (among other parameters) the three-dimensional position for each site of Figure 2 .
[11] The mathematical model used in the GPS data analysis included terms for the variation of instantaneous site position due to a variety of geophysical effects. In particular, the model accounted for solid-Earth tides, the pole tide, and ocean loading using standard models [McCarthy and Petit, 2004] , but no corrections were applied for atmospheric loading or geocenter motions.
[12] We used GPS data from the same timespan as that for the GRACE data. Two of the sites, RIOP and BARB, have no data during the timespan 2002.3-2004.3 . For the time series of vertical position from the remaining ten sites, we estimated parameters of a model that includes annual and semi-annual sinusoidal amplitudes, as well as a rate term to allow for secular vertical motions not associated with water storage, and we included semi-annual terms. The semi-annual terms do not significantly affect our estimates of the annual term (due to nearly complete decorrelation), but they allow for a more realistic assessment of the fit. In the least-squares solutions for the seasonal parameters, we adopted an error-covariance model consisting of white noise (using the standard deviation produced by the GIPSY analysis) plus a random walk with a variance-rate of 0.25 mm 2 yr À1 (see below).
[13] An example of the time series of vertical position for site BRAZ is shown in Figure 3 . The best-fit seasonal model is also shown in this plot. Root-mean-square (RMS) residuals compared to the best-fit model ranged from 6 to 13 mm.
Reference Frame Issues
[14] Before comparing amplitudes of annual variation from GRACE and GPS, we must account for the fact that the deformations inferred from GRACE gravity data have no ' = 1 contribution. The GRACE data are acquired by co-orbiting satellites that respond to changes in the gravity of the Earth system, i.e., variations of the solid Earth plus surface mass. The deformations inferred from GRACE therefore have have no ' = 1 contribution. We will refer to radial amplitudes determined by GRACE (with no ' = 1 contribution) as [r a (f, l)] GRACE .
[15] The term ''fiducial-free,'' used above to describe the orbits in the point-positioning analysis of the GPS data, refers to the fact that the orbital parameters are estimated in an analysis of global GPS data performed by JPL in which no site position parameters are fixed to or transformed to a realization of a terrestrial reference frame. In effect, the orbital parameters are determined by the dynamics of the orbits, and therefore are defined in the Earth system center of mass (cm) (or nearly CM) frame. When we perform our point-positioning analysis, the site positions are therefore also in the CM frame, as are the estimated annual amplitudes in the variation of these positions. However, unlike the GRACE amplitudes, the GPS amplitudes include the ' = 1 deformational component. We will refer to the radial amplitudes determined from GPS data in the CM frame as [r
[16] We may thus relate the GPS and GRACE determinations of deformation by explicitly accounting for the absence of the ' = 1 contribution in the GRACE amplitudes:
where [r a (f, l)] ' = 1 is the annual amplitude of the ' = 1 contribution in the GPS (CM) frame. This deformation can be related to the amplitude of the motion of the center of mass of the solid Earth (combining equations (9), (13), and (19) of Blewitt [2003] ) by
wherer is the unit radial vector for the position (f, l), and t a is the amplitude of displacement of the center of mass of the solid Earth (the origin of the CE system) relative to CM. In (3), the value of the degree 1 elastic Love number in the CM frame should be used. It is related to the value in the CE frame by h 1 E (CM) = h 1 E (CE) À 1 [Blewitt, 2003] .
[17] Equations (2) and (3) can be combined to form an observation equation. The vectors t a are unknown and their components may be estimated using least-squares. Our estimates are shown in Table 1 . The amplitudes are determined formally with standard deviations of 1 -2 mm, despite using data from only a region, albeit a large one.
Results and Discussion
[18] Using the estimated (in-phase and out-of-phase) values for t a , we add the ' = 1 contribution to the deformation inferred from GRACE in order to compare the results from the two techniques. The in-phase and outof-phase deformation amplitudes at the GPS sites for the 
Component
In Phase (mm) Out-of-Phase (mm) X 6.9 ± 2.0 À2.6 ± 1.9 Y 3.6 ± 1.5 À0.3 ± 1.4 Z 4.5 ± 1.2 À3.2 ± 1.2 two techniques are plotted in Figure 4 . The comparison is characterized by a high degree of correlation. Modeling the GPS-derived amplitudes as a linear function of the GRACEinferred amplitudes, we find a slope of 1.05 ± 0.09 and a y-intercept of 0.1 ± 0.3 mm. The reduced c 2 difference between the GPS and the GRACE values is 1.0, a reflection of the random-walk variance-rate chosen in the analysis of the GPS time series. In fact, our value of 0.25 mm 2 yr À1 was chosen to yield a c 2 of unity. The weighted RMS difference between GPS and GRACE values is 1.5 mm.
[19] Our analysis indicates that the GPS measurements, which are a direct determination of crustal motion at a specific location, agree well with the variations predicted by GRACE. These results are significant at several levels. First, they are experimental confirmation that the annual gravity variations sensed by GRACE in this region represent changes in surface water. This experimental validation is not unexpected since comparisons between GRACE variations and predictions based on hydrological models agree fairly well. On the other hand, significant differences between these models and GRACE have also been observed. Both Wahr et al. [2004] and Tapley et al. [2004] noted that GRACE senses gravity variations in this region that are significantly larger than those predicted by the specific hydrology models used in those studies (CPC and GLDAS, respectively).
[20] Global groundwater variations are expected to dominate the variations of the geocenter [Dong et al., 1997] . In this study, we ignored possible contribution (for all degrees) due to atmospheric loading, the next-largest contributor, and this approach may contribute to the 1.5 mm (RMS) GRACE-GPS disagreement. Our results suggest a new approach for determination of geocenter variations by combining these two data types in the space domain. In effect, GRACE can be used to remove from GPS the ' > 1 deformational component due to loading. In the near future, we will extend this analysis using a global GPS network.
[21] As pointed out by Blewitt [2003] , a global approach must be taken in investigating the effect of loading processes, even locally. The distribution of GPS data over the Earth is very nonuniform and, over most of the globe, sparse. GRACE, however, provides nearly-uniform global coverage [Tapley et al., 2004] . Coupled with the results of the regional GRACE-GPS comparison for seasonal variations, this uniformity implies that the GRACE data can provide robust, global estimates of the Earth's (' > 1) deformation due to the redistribution of surface water. Therefore, as longer time series become available, it will become possible to constrain deformation with even longer time scales, including, for example, secular trends associated with processes such as glacial isostatic adjustment. Figure 4 . Comparison of in-phase and out-of-phase annual vertical variations estimated using GPS and GRACE (after ' = 1 corrections). The dotted line has unit slope and passes through the origin.
